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t he 22q11.2 deletion syndrome (22q11.2DS) is a multisystem congenital disorder caused by a microdeletion of one of the two copies of chromosome 22q11.2 (1) (2) (3) . It occurs in ~1/4,000 live births and is characterized by typical facial features, palatal anomalies, congenital heart defects, hypocalcemia, immune deficits, intellectual disability and neuropsychiatric symptoms (4) . The immunodeficiency in 22q11.2DS, which varies in its severity, appears in 65-77% of patients and leads to increased susceptibility to recurrent infections and higher rate of autoimmune disorders (5) . While the major immunodeficiency in 22q11.2DS involves the cellular arm of the immune system (6), some humoral abnormalities have been described (7, 8) . The majority of 22q11.2DS individuals exhibit mild-to-moderate reductions in the number of T cells and only a mild deficit in T-cell function (6) (7) (8) (9) . The T-cell immunodeficiency is due to abnormal thymic migration in most cases and not necessarily due to a full thymic aplasia. Thus, residual microscopic nests of thymic epithelial cells account for some ability to produce T cells (8) . Nevertheless, in ~1% of patients, there is a complete absence of thymus ("complete" DiGeorge syndrome), causing severe T-cell immunodeficiency, mimicking severe combined immunodeficiency (SCID) phenotype (5, 10) , and should be diagnosed early in life. These patients might benefit from hematopoietic stem cell transplantation (HSCT). In the absence of a functional thymus, it appears that the immune reconstitution by HSCT is achieved through peripheral expansion of mature donor T cells, brought in by the graft (11) . Thymic transplantation has also been shown to restore normal immune function with the generation of naive thymic emigrants (12) . Another major manifestation in 22q11.2DS is congenital heart defects (13). These may require heart surgeries that often result in thymectomy, further hindering the already deficient immune system of these patients (14, 15) . A better characterization of the immunodeficiency in 22q11.2DS will improve our understanding of the long-term health prognosis and quality of life in these patients. Moreover, since the syndrome is ultimately diagnosed using fluorescence in situ hybridization (FISH), which is costly, in many cases the diagnosis is based only on clinical assessment, which often leads to misdiagnosis (16) . Due to the high occurrence of immunological deficits in individuals with 22q11.2DS, using a diagnostic method relying on immunological characteristics may be helpful. More importantly, such an immunologically based diagnosis is crucial and can be lifesaving early in life for individuals with "complete" DiGeorge syndrome. One of the ways to assess immunological deficits is the analysis of T-and B-cell receptors (TCRs and BCRs, respectively). Functional receptors are created through the ligation of coding joint (cj) recombination sites. The byproducts of these processes, namely T-cell receptor rearrangement excision circles (TRECs) and κ-deleting recombination excision circles (KRECs), are formed through signal joint (sj) recombination sites. sj-TRECs and sj-KRECs are hence DNA markers of the thymic and B-lymphocyte bone marrow output, respectively, since they are present exclusively in naive T and B cells that have recently emigrated from these organs (17) . sj-TRECs have previously been shown to be very low in individuals with 22q11.2DS (6) . Moreover, sj-TREC levels have been found to decrease with age both in healthy individuals and in patients with 22q11.2DS. Interestingly, in normal individuals, a faster decrease was seen in men compared with women (18) . KREC has also been examined in normal individuals and was found to be constant with age and among different genders (18) . Pioneering screening of newborns for SCID using TREC had already been performed by Kwan et al. (19) and Routes et al. (20) and was found to be successful in the early diagnosis of SCID patients including some cases of "complete" DiGeorge syndrome. Some individuals with 22q11.2DS were found to have low TREC levels later in infancy. One possible explanation for this observation is the removal of the thymus gland during cardiac operation. 49-83% of individuals with 22q11.2DS have cardiac abnormalities (13, 21) that require early surgical intervention and removal of the adjacent thymus gland, therefore finding low TREC levels in these patients is very likely (14, 15) .
The aim of this study was to evaluate sj-TREC and sj-KREC levels in the peripheral blood of individuals with 22q11.2DS, specifically with regard to the performance of heart surgery, in order to better evaluate the immunological characteristics associated with the syndrome.
RESULTS

Clinical Findings in Individuals with 22q11.2DS
Data were available for 75 individuals with 22q11.2DS (median age 15 y, interquartile range 8-24 y; 45 males) and 36 healthy controls in which immunodeficiency was clinically excluded (median age 14 y, interquartile range 12-15 y; 24 males). There was no significant difference in age and sex distribution between the groups (P = 0.541 and 0.537, respectively).
The main presenting symptom in individuals with 22q11.2DS was abnormal facies, which appeared in 56 patients (75%). Palatal anomalies were noted in 56 patients as well (75%) and 31 of them underwent pharyngeal flap surgery (41%). Cardiac abnormalities were found in 44 patients (59%), 24 of whom required surgery. Twenty-three patients (31%) had hypocalcemia, and nine patients (12%) had lymphopenia. Other nonclassical symptoms were autoimmune diseases such as psoriasis, 
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Articles vitiligo, and glomerulonephritis (11 patients, 15%), severe recurrent infections (7 patients, 10%), mild thrombocytopenia defined as platelet counts 50-100 × 10 3 (14 patients, 20%), significant thrombocytopenia defined as platelet counts <50 × 10 3 (5 patients, 7%), anemia (5 patients, 7%), hypothyroidism (5 patients, 7%), and obesity (10 patients, 13%). The mean full-scale intelligence quotient (IQ) of the patient group was 77.1 ± 13.7.
Characterization of TREC and KREC in Patients Compared with Controls and Correlation with Recurrent Infections
Individuals with 22q11.2DS displayed lower levels of TREC (P = 0.0004), while exhibiting a nonsignificant difference in the levels of KREC (P = 0.07) compared with healthy individuals (Figure 1a,b, respectively) . The levels of TREC and KREC mildly correlated with each other when examined for both the 22q11.2DS and control groups together, with borderline statistical significance (R s = 0.23, P = 0.057). However, when examined for individuals with 22q11.2DS only, a more significant correlation was found (Figure 1c ; R s = 0.47, P = 0.01). Both TREC and KREC levels did not correlate with the lymphocyte numbers (R s = 0.34, P = 0.066; R s = 0.1, P = 0.74, respectively).
Information about recurrent infections was available for 73 individuals with 22q11.2DS. 10% of them (7 patients) were classified as having recurrent infections. Their mean age was similar to that of individuals without recurrent infections (P = 0.6). This group of patients displayed lower TREC levels compared with patients without recurrent infections (Figure 1d , P = 0.005), yet one patient in this group had TREC values that deviate 9 SDs from the average and therefore was taken out from the group. The relation between KREC levels and recurrent infections could not really be established as there were only two participants who have a KREC result and had infections. TREC levels of individuals with 22q11.2DS who underwent any type of cardiac surgery (i.e., repair of atrial septal defect (ASD), ventricular septal defect (VSD), teratology of fallot (TOF), valve replacement, or blood vessel-related surgeries) were compared with TREC levels of patients who did not undergo such surgery. No significant difference in TREC levels was found between these subgroups (Figure 3a ; P = 0.61). Next, only the patients who underwent cardiac surgeries requiring midsternotomy and thus thymectomy were examined (ASD, VSD, TOF, and valve replacement). More specifically, no difference in TREC levels was found between patients who underwent cardiac surgeries requiring midsternotomy and thus thymectomy and the patients who did not undergo such surgery (Figure 3b ; P = 0.44).
DISCUSSION
The aim of this study was to evaluate the TREC and KREC levels in patients with 22q11.2DS, in order to better understand the immunological characteristics associated with this syndrome. Seventy-five patients with 22q11.2DS were evaluated in this study and compared with healthy controls. The clinical features of the 22q11.2DS patients were similar to those previously described by other groups (1-10). A main characteristic of 22q11.2DS is immunodeficiency, which is also responsible for major adverse health effects of this syndrome. It is important to characterize and understand this aspect of 22q11.2DS as best as possible, in order to improve patient prognosis and care. Indeed, various immunological assays are widely used in these patients to determine the status of their immunity. These include lymphocyte enumeration (by fluorescence activated cell sorting (FACS) analysis) and lymphocyte function (by assessment of the response to mitogenic stimulations). Yet, these tests do not reflect the actual thymic activity, are expensive and elaborative requiring fresh blood samples, and thus are with limited added-value to accurately assess the immune system of these patients. The introduction of a novel molecular methodology, e.g., TREC quantification, as a reliable and sensitive tool to assess thymic function is extremely important in 22q11.2DS patients because of thymic involvement in the disease pathogenesis. Thus, the results obtained from the TREC assay may be used to classify patients based on the status of their immunity, predicting susceptibility to infections. In this study, we found that the TREC levels were significantly lower in individuals with 22q11.2DS compared with healthy controls and tended to decrease with age due to the natural thymic involution, as has been previously shown (6, (22) (23) (24) . Furthermore, lower TREC levels were found in 22q11.2DS patients with recurrent infections, regardless of their age, which probably contributes to the immunodeficiency in some patients.
A novel finding in our study was the similar decline in TREC levels with age in individuals with 22q11.2DS of both sexes. In previous studies, males showed a significant decrease in TREC with age, while females exhibited only a mild reduction (18) . This finding further emphasizes the large variability in the immunodeficiency brought about by the deletion in chromosome 22, and the need for individualized and functional assessment of patients in all ages and both sexes.
Even though the main investigated and substantial immunodeficiency seen in 22q11.2DS relates to T-cell defects (6, 25) , previous findings indicate humoral involvement as well (7, 13) . For example, in a recent study, 6% of 22q11.2DS patients over the age of 3 y had hypogammaglobulinemia (12) , and in another study peripheral CD27+ B cells were reduced in patients compared with age-matched healthy controls (26) . We examined KREC values in 22q11.2DS and found that there was no difference between the KREC levels of patients and those of control participants. However, there was a significant correlation between the TREC and KREC levels in 22q11.2DS, which was not found in the control group. This finding suggests that B cells are also affected in 22q11.2DS, probably in Figure 3 . sj-TREC levels of 22q11.2DS patients who went through heart surgeries compared with those who did not. sj-TREC copies of patients who went through any heart surgery (n = 24) are compared with 22q11.2DS patients who did not go through heart surgeries at all (n = 49) (a). Of those who went through heart surgeries, only the patients who went through surgeries that required thymectomy (ASD, VSD, TOF, and valve replacement) were chosen and their sj-TREC values (n = 19) are compared with patients who did not go through heart surgeries at all (n = 49) (b). (8, 27 ). An additional evidence for the involvement of B cells and for the importance of T-B cell interaction is the decrease in patients' KREC values with age, a novel finding that was evident in our study. The importance of this finding is especially pronounced, since previous findings in healthy participants showed that KRECs remain steady throughout life. Therefore, the combination of T-and B-cell deficits, which worsen with age, may explain the increased susceptibility of 22q11.2DS patients to recurrent infections and autoimmune diseases (8) , and should be taken into account when composing a treatment for patients with these conditions. Nevertheless, other aspects regarding the B-cell deficiency in 22q11.2DS remain unknown, and should be further investigated.
The gold standard for the detection of 22q11.2DS is FISH, which is costly and time-consuming (2-3 d). Therefore, a large-scale screening procedure using this technique to identify children with 22q11.2DS as early as possible is problematic and is not being routinely performed. This is one of the main reasons why many children with 22q11.2DS remain undiagnosed. Since one of the major manifestations of 22q11.2DS is congenital heart defects and since as much as 1% of all children with congenital heart defects are diagnosed with 22q11.2DS (28) , one way to improve 22q11.2DS diagnosis is to routinely screen all children with congenital heart defects for 22q11.2DS. However, even in this scenario, a FISH analysis will still be too expensive, and therefore less-expensive methods are still needed and are being examined (29) . This need is even more critical when it comes to "complete" DiGeorge syndrome patients with severe immunodeficiency, who require immediate therapeutic interventions, and early diagnosis can be lifesaving. Our results, together with the recent attempts to screen newborns for immunodeficiency (19, 20) , suggest that TREC might be an appropriate method to achieve this goal. Indeed, in New York State, 18 cases of 22q11.2DS were detected through newborn screening using the TREC assay (30) . This assay identified approximately 14.8% of individuals with the 22q11.2DS but importantly those with severe immune involvement who required immediate medical management. In California, nine patients with 22q11.2DS were identified through TREC newborn screening, where one of these patients received thymus transplant as he presented with "complete" DiGeorge phenotype (19) . Recently, simultaneous TREC and KREC analyses in 22q11.2DS patients were performed on their stored original Guthrie cards (31) . While all 22q11.2DS patients showed KREC copies within the normal range, a high proportion of the 22q11.2DS patients were identified by the TREC-based screening. These results are similar to our observations. Unlike the healthy population, individuals with 22q11.2DS present very low levels of TREC initially, which decrease even further with age, regardless of sex. This finding may help early in life in pinpointing those subjects who are suspected to carry a deletion in chromosome 22. Our additional novel results that show low TREC levels in all individuals with 22q11.2DS, regardless of whether they underwent heart surgery with or without thymectomy, indicated that low TREC levels are an intrinsic characteristic of the syndrome, not influenced by extrinsic surgical interventions related to congenital heart defects. This further supports the notion of performing screening TREC analysis for all children with congenital heart defects, proceeding then to FISH analyses only with those who exhibit low TREC levels. This approach has a functional aspect, is less costly, and can highly increase our ability to identify hidden cases of 22q11.2DS.
We acknowledge that our study is subject to several limitations inherent to retrospective studies of this nature. We relied on available clinical, surgical reports and administrative data to assess illness severity at the patient or hospital level. Thus, residual confounding cannot be ruled out. We tried at least to eliminate aging, a well-known factor involved in immune reduction even in normal individuals, from our results. In addition, our sample size was limited, and it is possible that an association still exists between some of the examined markers, e.g., abnormal KREC levels and autoimmunity in 22q11.2DS. Lastly, we should confirm that the spectrum of clinical symptoms associated with 22q11.2DS is extremely wide; therefore our results cannot necessarily be generalized to all patients with this syndrome. The B-cell abnormalities could account for some of the immunological diseases of 22q11.2DS. Given the complexity of the immune system, and the broad range of immunodeficiency seen in patients with 22q11.2DS, additional studies should be performed on this topic specifically directed to fill the knowledge gap in B-cell production, maturation, and activity in this special population. In addition, TREC and KREC profiles can serve as indicators for performing a further diagnosis of severe cases of 22q11.2DS. An implementation of newborn screening using TREC assay will enable the identification of some patients with 22q11.2DS. This is highly important for those 22q11.2DS patients who require immediate medical intervention to restore their immune system. In summary, the aim of this study was to evaluate TREC and KREC levels in patients with 22q11.2DS, as markers of immune system activity. In comparison to what already has been published, we show in this study that: (i) while the T-cell deficiency is a known salient feature in 22q11.2DS, low TREC levels are correlated with recurrent infections; (ii) TREC levels decline with age regardless of patients' gender; (iii) reduced TREC and KREC levels are correlated, suggesting an association between T-and B-cell abnormalities in 22q11.2DS; (iv) KREC values in patients decrease with age, thus may contribute to the development of autoimmunity seen in adult patients; and (v) low TREC levels are detected in patients, regardless of the type of heart surgery they underwent (involving or not involving thymectomy). Taken together, we propose that TREC and KREC enumerations should be an integral part of the immune evaluation of 22q11.2DS patients at any age, especially those with recurrent infections or
